Amino acids stored in the vacuoles are exported to the cytosol mainly for protein synthesis; however, the molecular identity of vacuolar amino acid exporters remains obscure in plants. Here, we demonstrate that the heterologous expression of AtAVT3 genes, Arabidopsis homologs of AVT3 and AVT4 encoding vacuolar amino acid exporters in yeast, reduces vacuolar amino acid levels in the avt3Δavt4Δ yeast cells. In vitro experiments revealed that 14 C-labeled Ala and Pro are exported from vacuolar membrane vesicles by AtAvt3A in an ATP-dependent manner. In Arabidopsis, AtAvt3A fused with green fluorescent protein localizes to the vacuolar membrane. We propose that AtAVT3 family represents the long sought-for vacuolar amino acid exporters in plants.
The vacuole serves as temporary storage for various compounds and plays crucial roles in maintaining the cytosolic homeostasis for many metabolites including amino acids [1] . Amino acids synthesized in the chloroplast are primarily used for transamination reactions and protein synthesis within the cytosol or exported across the plasma membrane and delivered to the sink organs. When amino acid synthesis exceeds the demand of cytoplasmic protein synthesis, amino acids are stored in the vacuoles. Under high nitrogen supply, amino acids accumulate mainly in the vacuoles of young leaves, whereas under low nitrogen supply, vacuolar amino acid contents are decreased [2] . Amino acids are also liberated as a result of massive protein degradation under nutrient starvation and senescence [3] . Therefore, the regulation of vacuolar amino acid pools is critical for amino acid distribution.
Although a large amount of amino acids is stored in the large central vacuoles, the amino acid concentration has been often estimated to be lower in the vacuole than in the cytosol, suggesting active amino acid export across the vacuolar membrane [4, 5] . Transport assays using isolated vacuoles from leaves suggest the existence of several independent transport systems for neutral, aromatic, and basic amino acids in the vacuolar membranes of plants [4, 5] . However, the molecular identity of these transporters remains to be determined.
In mammals, the lysosomal amino acid transporter LYAAT1/PAT1, a member of the amino acid/auxin permease (AAAP) superfamily, is responsible for the Abbreviations AAAP, amino acid/auxin permease; APC, amino acid-polyamine-organocation; CAT, cationic amino acid transporters; FN, full nutrient; GFP, green fluorescent protein; LN, low nitrogen. transport of amino acids derived from lysosomal proteolysis to the cytosol [6] . The biochemical properties of a family of Avt amino acid vacuolar transporters, which are the yeast counterparts of LYAAT1/PAT1, have been characterized in detail [7] [8] [9] [10] [11] . The Avt family in the budding yeast Saccharomyces cerevisiae comprises seven members, Avt1-Avt7. Avt1 mediates the vacuolar uptake of various neutral amino acids and His [10] , whereas Avt3 and Avt4 export neutral and neutral/basic amino acids from the vacuoles, respectively [9] . Avt6 mediates the export of Asp and Glu from the vacuolar membrane vesicles [7, 8] . Avt7 has recently been suggested to be involved in the export of several neutral amino acids from vacuoles [11] , whereas the substrates of Avt2 and Avt5 remain unknown. Genome sequencing of Arabidopsis identified 19 AVT homologs [4] , which include ANT1 that allows the uptake of Arg and aromatic and neutral amino acids in the yeast cells [12] . However, the subcellular localization of Ant1 remains to be determined.
Proteomic analyses using purified vacuoles from Arabidopsis cells identified Avt1-and Avt6-related AAAP proteins and cationic amino acid transporters (CAT) belonging to the amino acid-polyamineorganocation (APC) superfamily [13, 14] . Although the vacuolar localization of several Arabidopsis CAT proteins such as CAT2, CAT4, and CAT8 has been further characterized [15] [16] [17] , vacuolar amino acid transport activity has not been examined in these studies. Snowden et al. [18] recently demonstrated in tomato fruits that SICAT9 mediates the exchange of GABA for Glu and Asp across the vacuolar membrane.
In our initial screening for vacuolar amino acid transporters, we found that the green fluorescent protein (GFP) fusion of Arabidopsis AAAP proteins that are closely related to Avt3/Avt4 proteins (simply referred as AtAvt3 in this manuscript) were targeted to the vacuolar membranes in both yeasts and plants. In this study, we provide further evidence pertaining to the roles of the AtAVT3 family in vacuolar amino acid export: (a) The heterologous expression of AtAVT3 genes in yeast reduced the amount of neutral amino acids accumulated in the vacuoles of the avt3Δavt4Δ yeast cells. (b) AtAvt3a facilitated the export of 14 C-labeled Ala and Pro from the vacuolar membrane vesicles prepared from the yeast cells in an ATP-dependent manner. We suggest that AtAVT3-related genes represent a family of amino acid transporters in plants that play a role in the export of various neutral amino acids across the vacuolar membrane.
Materials and methods

Plasmid construction
The ORF regions of AtAVT3A, AtAVT3B, AtAVT3C, and ANT1 were amplified from cDNA of Arabidopsis. A restriction enzyme site was attached to each primer (see Table S1 ). PCR fragments were digested by the restriction enzymes indicated in the primer list and subcloned into the low copy plasmid p416ADH [19] or p416ADH-GFP(N) [10] , which was designated as p416-GFP-AtAvt3x. The plasmid for expressing GFP-fused S. cerevisiae AVT3 under the ADH promoter was constructed as previously described [20] .
A single point mutation was introduced into AtAVT3 via a QuickChange Site-Directed Mutagenesis Kit (Agilent Technologies, Hachioji, Japan) to prepare p416-GFP-AtAvt3A E241A using following primers for AtAVT3A E241A: F, 5 0 -gcggtgtacgcatttGCAgggatcggaatggttc-3 0 and R, 5 0 -gaaccattcc-
The ORF of AtAVT3A was fused to the C terminus of the enhanced green fluorescent protein in the p2FGW7 plasmid and binary vector pH7WGF2 [21] using Gateway technology (Invitrogen, Carlsbad, CA, USA).
Yeast strains
URA3 gene in the S. cerevisiae strain X2180-1B (MATa SUC2 mal mel gal2 CUP1) was disrupted to isolate the STY3807 strain [9] . The avt3Δavt4Δ mutant (STY3828) was derived from STY3807 [9] .
Amino acid analysis
Yeast cells (wild-type and avt3Δavt4Δ) carrying the plasmid were grown at 30°C to the early-log stage (OD 660 of 1.0) in synthetic medium [0.17% (w/v) yeast nitrogen base without amino acids and ammonium sulfate, 2% (w/v) glucose, 0.5% (w/v) ammonium sulfate, 0.5% (w/v) casamino acid, and 0.002% (w/v) Trp]. Their vacuolar amino acid contents were examined according to the method by Ohsumi et al. [22] with minor modification. Briefly, collected cells were suspended in 2.5 mM potassium phosphate buffer, pH 6.0, containing 0.6 M sorbitol, 10 mM glucose, and 200 lM CuCl 2 , and incubated for 15 min at 30°C. Then, cells were collected by centrifugation at 1500 g, suspended in distilled water, and boiled for 15 min. The supernatant collected after centrifugation at 2100 g was dried-up and suspended in 0.02 M HCl to be analyzed by an amino acid analyzer (Hitachi L8800, Tokyo, Japan).
Fluorescence microscopy
Yeast vacuolar membranes were stained with 16 lM FM4-64 as previously described [23] and observed using a fluorescence microscope (IX71, Olympus, Tokyo, Japan).
Transient expression of fluorescence proteins in
Arabidopsis suspension cells and preparing transgenic Arabidopsis plants by the Agrobacterium-mediated floral dip method were performed as described previously [24] . Root cells of several independent transgenic lines were observed via epifluorescence microscopy (Olympus IX71).
Preparation of vacuole membrane vesicles
Exponentially growing yeast cells were harvested and converted to spheroplasts in 1 M sorbitol with Zymolyase 20T (10 lgÁmL À1 ; Nacalai Tesque, Kyoto, Japan). Intact vacuoles were isolated from spheroplasts using Ficoll density gradient centrifugation and converted to vacuole membrane vesicles in 10 mM MES-Tris, pH 6.9, 5 mM MgCl 2 , and 25 mM KCl as described in [25] .
Amino acid transport assays
Amino acid transport assays using vacuolar membrane vesicles were performed as previously described [9] . In brief, 14 Clabeled amino acids (final 0.1 mM, 4.8-11.1 GBqÁmmol À1 ) were preloaded into vacuolar membrane vesicles (200 lg of protein) for 5 min. Subsequently, vesicles were collected before (0 min) and at indicated points (30 s, 2 min, 4 min, and 8 min) after the addition of ATP at a final concentration of 2 mM. As a control, preloaded vesicles were incubated in the absence of ATP. Vesicles were collected on filters, and the radioactivity was determined in a liquid scintillation counter (LSC-5100; Hitachi-Aloka Medical, Tokyo, Japan).
Plant materials
Wild-type plants of Arabidopsis thaliana (strain Columbia) were grown at 22°C under a 16 h/8 h light/dark photoperiod. T-DNA insertion lines were obtained from the Arabidopsis Biological Resource Center. Screening of homozygous plants was confirmed by genomic PCR and RT-PCR using the primers listed in Table S1 . . Deprivation and addition of nitrate were performed using a liquid culture system as described previously [26] . In brief, Arabidopsis seedlings were grown in sterile FN media for 7 days, and the media were changed to fresh FN or LN media. FN media were again exchanged on day 8 in FN cultures to prevent nitrogen exhaustion.
Nitrogen limitation experiments
On day 9, FN and LN cultures were harvested. For readdition of nitrate, 3 mM (final concentration) KNO 3 or 3 mM KCl (as a control) was added to the LN cultures. Seedlings were further cultured for 3 h and harvested.
RT-PCR
RNA isolation and cDNA synthesis were performed as previously described [24] . The primers used for RT-PCR are listed in Tables S1 and S2 .
Results
Screening of Avt proteins in Arabidopsis that are targeted to the vacuolar membranes in yeast cells
A homology search of the Arabidopsis genome using the yeast vacuolar amino acid transporter AVT genes revealed 19 homologs [27] [28] [29] , which were designated as AtAVTs (Fig. 1 ). They are categorized into three Table S3 ). Avt1, Avt3, Avt4, and Avt6 from Saccharomyces cerevisiae are compared with Arabidopsis homologs. Ant1 (aromatic and neutral amino acid transporter) was designated by Chen et al. [12] . The accession numbers of Arabidopsis AVT genes are as follows: AtAVT1A, At2g41190; AtAVT1B, At3g54830; AtAVT1C, At2g39130; AtAVT1D, At5g02180; AtAVT1E, At5g02170; AtAVT1F At3g09340; AtAVT1G, At3g09330; AtAVT1H, At5g16740; AtAVT1I, At3g28960; AtAVT1J, At5g15240; AtAVT3A, At5g65990; AtAVT3B, At2g42005; AtAVT3C, At4g38250; ANT1, At3g11900; AtAVT6A, At3g30390; AtAVT6B, At5g38820; AtAVT6C, At3g56200; AtAVT6D, At2g40420; and AtAVT6E, At1g80510. The scale bar represents 0.1 amino acid substitutions per site.
phylogenetically distinct subfamilies related to AVT1, AVT3/AVT4, and AVT6. Arabidopsis AtAvt proteins have been identified in various organelles by proteomic approaches (Table S3) . Therefore, we employed heterologous expression system in yeasts to screen functional vacuolar amino acid transporters.
First, to confirm successful expression and the proper vacuolar localization of AtAvt proteins in yeast cells, GFP-fused AtAvt proteins were expressed under the constitutive ADH promoter in yeast avt3Δavt4Δ mutants. The AtAVT3 subfamily comprises four members: AtAVT3A (At5g65990), AtAVT3B (At2g42005), AtAVT3C (At4g38250), and ANT1 (At3g11900). We found that all the GFP-fused AtAvt3-related proteins except Ant1 were targeted to the vacuolar membranes, which were labeled with the FM4-64 dye ( Fig. 2A) . In contrast, Ant1 appeared to be associated with ER in the perinuclear region. GFP-tagged AtAvt6E (At1g80510) predominantly accumulated at the ER, but it partially localized to the vacuolar membrane (data not shown). We failed to observe fluorescent signals in yeast cells expressing AtAvt1-related genes (At2g41190 and At5g02170) fused with GFP. Hence, the heterologous experimental system was applied to the further functional analyses of the AtAVT3 subfamily.
Identification of functional homologs of yeast AVT3/AVT4 in Arabidopsis
We measured vacuolar amino acid levels in avt3Δavt4Δ yeast cells expressing GFP-fused AtAVT3 genes to examine whether these genes restore vacuolar amino acid export in the avt3Δavt4Δ mutants (Fig. 3) . The vacuolar contents of various neutral amino acids such as Thr, Ser, Asn, Gln, Gly, Ala, Val, Ile, Leu, and Pro, which are the substrates of Avt3 and Avt4 [9] , were significantly increased in the yeast cells. In addition, aromatic amino acids levels, including Tyr and Phe, appeared to be slightly higher in the avt3Δavt4Δ yeast cells than in the wild-type yeast cells, although the differences were relatively minor compared to other neutral amino acids (Fig. 3) . As expected, the expression of AVT3 in the avt3Δavt4Δ yeast cells reduced the neutral amino acid levels approximately to their levels in the wild-type cells. We also found that the vacuolar amounts of these amino acids were reduced by the overproduction of AtAvt3A and AtAvt3C, but not by Ant1, to the same extent as those of cells expressing Avt3 (Fig. 3A,B) . In contrast, AtAvt3B seemed to partially restore the export of neutral amino acids, as the vacuolar levels of Thr, Ser, Asn, Gln, Val, Met, and Ile in the avt3Δavt4Δ cells expressing AtAvt3B were significantly lower than those in avt3Δavt4Δ cells but were higher than those in wildtype cells. Similar results were obtained when AtAVT3-related genes without GFP were expressed in yeast cells (data not shown).
Under this condition, the wild-type and avt3Δavt4Δ cells exhibited similar vacuolar acidic (Asp and Glu) and basic amino acid (Lys and Arg) levels, none of which were markedly affected by the expression of yeast AVT3 or Arabidopsis AVT3-related genes (Fig. 3C,D) . Although there may be minor differences in His levels between the wild-type and avt3Δavt4Δ cells (Fig. 3C) , these results suggested that neutral amino acids are the preferential substrates for AtAvt3A and AtAvt3C, and to a lesser extent, for AtAvt3B.
Amino acid export was mediated by AtAvt3A in isolated vacuolar membrane vesicles
To provide direct evidence of the function of AtAvt3A as a vacuolar amino acid exporter, we examined amino acid export activity mediated by GFP-AtAvt3A using (Fig. 4) . This loss of (Fig. 5C and data not shown) . In contrast, 14 C-Glu, which is not a transport substrate of Avt3 and Avt4 [9] , was released from the avt3Δavt4Δ vesicles independent of AtAvt3A (Fig. 5C) . The results are in good agreement with the vacuolar amino acid contents described in Fig. 3 , which supported the proposed function of AtAvt3A in the export of various neutral amino acids.
Conserved glutamate residue Glu
241 is critical for the transport activity of AtAvt3A
A Glu residue in the putative sixth transmembrane domain is conserved among AVT3-related proteins (Fig. 5A ) and suggested to be critical for transport activity [9, 30] . The corresponding residue in AtAvt3A was replaced with Ala, and the mutated AtAvt3A fused to GFP (GFP-AtAvt3A E241A ) was expressed in the avt3Δavt4Δ yeast cells. This mutation did not affect the expression and vacuolar membrane localization of GFP-fused AtAvt3A E241A (Fig. 2B) . The vacuolar contents of various neutral amino acids (Thr, Ser, Asn, Gln, Gly, Ala, Val, Ile, and Pro), which were higher in the avt3Δavt4Δ cells than in the wild-type cells, were reduced by AtAvt3A, as shown in Figs 3 and 5B. In contrast, the expression of AtAvt3A E241A failed to reduce the amount of these amino acids in the vacuoles of the avt3Δavt4Δ cells (Fig. 5B) .
To further examine the transport activity of AtAvt3A E241A , we prepared vacuolar membrane vesicles from the avt3Δavt4Δ cells that were transformed with either AtAvt3A or AtAvt3A
E241A . Vesicles were preloaded with 14 C-labeled amino acids, and the radioactivities retained in the vesicles were measured in the presence or absence of ATP, as described in Fig. 4 . In contrast to the vesicles with AtAvt3A, in which the level of 14 C-Ala rapidly decreased upon the addition of ATP, 14 C-Ala was accumulated in vesicles with AtAvt3A E241A in the presence of ATP (Fig. 5C ), in a similar manner to that observed for the fission yeast Avt3
E469A [30] .
14 C-Pro preloaded in the vacuolar membrane vesicles of the avt3Δavt4Δ cells immediately decreased in an ATP-dependent manner by the expression of AtAvt3A but not AtAvt3A E241A (Fig. 5C ). In contrast, the export of preloaded 14 C-Glu from the vacuolar membrane vesicles of the avt3Δavt4Δ cells incubated with ATP was not affected by the expression of AtAvt3 or AtAvt3A E241A . These results suggested that AtAvt3A functions in the active export of Ala and Pro but not Glu and that a conserved Glu 241 of AtAvt3A is important for its transport activity. illustrated that AtAVT3 genes were ubiquitously expressed in various tissues of whole plants (Fig. 6A) .
Subcellular localization of AtAvt3 proteins in Arabidopsis cells
To examine whether their transcript levels are affected by altered nitrogen availability, 7-day-old seedlings grown in liquid culture media were transferred to low nitrate (0.1 mM KNO 3 ) media for 2 days and then nitrate was added to low nitrate media (3 mM KNO 3 ) for 3 h according to the method by Scheible et al. [26] .
As expected, nitrogen-regulated genes, MYB90 (At1g66390; PAP2) and LBD39 (At4g37540) [26] , were induced or suppressed under nitrogen limitation, respectively (Fig. 6B) . In contrast, expression of AtAVT3 genes was not affected by nitrogen limitation or readdition of nitrate. In this study, GFP-fused AtAVT3 genes were expressed under the control of CaMV 35S promoter. As shown in Fig. 6C , GFP-AtAvt3A was exclusively localized to the vacuolar membranes in protoplasts prepared from Arabidopsis cell suspensions. In contrast, GFP-Ant1 proteins were distributed within the cytosol and partially retained in the ER (data not shown).
To further support the vacuolar localization of AtAvt3 proteins in whole plants, we prepared transgenic Arabidopsis plants expressing AtAvt3A, which was N-terminally fused to GFP. In every transgenic line examined, GFP-fused AtAvt3 proteins were targeted to the vacuolar membranes (Fig. 6D) .
Discussion
Several distinct amino acid export systems on the vacuolar or lysosomal membrane have been characterized in yeast and animals. In contrast, no vacuolar amino acid exporters have been functionally identified in plants [5, 27, 28] . To assess vacuolar amino acid transporters in plants, we screened AtAvt-related proteins in the proteomic datasets of purified vacuoles and performed heterologous expression of AtAVT genes in yeast cells. Among the AtAvt1-, AtAvt3-, and AtAvt6-related proteins examined, GFP-tagged AtAvt3A, AtAvt3B, and AtAvt3C proteins localized primarily to the vacuolar membrane in yeast cells. Hence, we decided to extend our analyses to the AtAvt3-related proteins.
Heterologous expression of plant amino acid transporters has been often conducted in yeasts and Xenopus oocytes to investigate their transport activities [5, 27, 28] . However, the export of amino acids from the vacuoles has not been directly examined. In addition, amino acid auxotrophy affects cellular amino acid contents in yeasts [31] . To solve these problems, we recently developed a novel avt3Δavt4Δ mutant in the amino acid prototrophic yeast strain X2180-1B as a model system for the heterologous expression of amino acid transporters [9] . In this mutant, the amount of neutral amino acids was significantly increased in the vacuoles, suggesting that various neutral amino acids are exported from the vacuoles by Avt3 and/or Avt4. Neutral amino acids accumulated in the vacuoles of the avt3Δavt4Δ cells were reduced to wild-type levels Seven-day-old seedlings grown in full nutrient media were incubated in low nitrogen (0.1 mM KNO 3 ) media for 2 days (2), and then nitrogen-depleted seedlings were incubated in low nitrogen media supplied with 3 mM KCl (3) or KNO 3 (4) for 3 h. The expression of PAP2 and LBD39 was examined as control genes that were upregulated or downregulated, respectively, by nitrogen limitation. ACTIN8 (ACT8) was examined as a loading control. by the expression of AtAVT3A and AtAVT3C and to lesser extent by that of AtAVT3B. Although we do not exclude the possibility that the vacuolar contents of these amino acids were indirectly affected in the avt3Δavt4Δ cells, export assays of 14 C-labeled amino acids using isolated vacuolar membrane vesicles suggested that several neutral amino acids examined were the transport substrates of AtAvt3A as well as Avt3. Furthermore, our mutational studies using AtAvt3A E241A revealed that a Glu residue conserved in plant and yeast is critical for its transport activity as similarly demonstrated for the fission yeast Avt3 [30] . These results suggested that AtAVT3-related genes are the functional homologs of AVT3/AVT4. We also note that transport activity of AtAvt3 is ATP-dependent, and possibly proton gradient-dependent as previously observed for yeast Avt3 and Avt4, which are likely proton-amino acid symporters [9] . As the vacuolar lumen is highly acidic, proton gradient-dependency of vacuolar amino acid exporters may nicely explain the lower amino acid levels in vacuoles compared to cytosol in plants that were observed previously [4, 5] .
In contrast to neutral amino acids, the vacuolar contents of basic and acidic amino acids in the avt3Δavt4Δ cells were not largely affected by the expression of Avt3 or AtAvt3-related proteins. However, we should note that yeast Avt4, but not Avt3, has been revealed to mediate the export of basic amino acids (Lys, His, and Arg) from the vacuoles when overexpressed in the avt3Δavt4Δ cells [9] . Further studies on Avt3/Avt4 homologs are necessary to examine their distinct substrate specificities and physiological significances.
Phylogenetic analysis of 19 AtAVT genes revealed that three AtAVT3 genes and ANT1 [12] constitute a small gene family (Fig. 1) . It has been obscure whether ANT1 is a functional counterpart to AVT because Chen et al. [12] simply described the uptake of Arg and aromatic and neutral amino acids by ANT1-expressing yeast cells. In this study, we demonstrated that (a) GFP-Ant1 failed to localize at the vacuolar membrane but associated with ER in both yeast and plant cells, (b) the expression of ANT1 with or without GFP did not restore vacuolar amino acid export in yeast avt3Δavt4Δ cells, and (c) the expression of AtAvt3-related proteins in yeasts did not markedly affect the vacuolar contents of Arg or aromatic amino acids, which are putative substrates of Ant1. The results suggested that AtAvt3A, AtAvt3B, and AtAvt3C proteins represent a novel class of amino acid transporters that are functionally distinguished from Ant1.
AtAvt3-related proteins appear to be functionally redundant because (a) there were minor differences in substrate specificity among AtAvt3A, AtAvt3B, and AtAvt3C when expressed in the avt3Δavt4Δ cells, although the substrate specificity and/or affinity of AtAvt3B may partly differ from that of AtAvt3A and AtAvt3C and (b) single mutants of the AtAVT3 subfamily, namely, atavt3a (SALK_010447), atavt3b (SALK_063680), and ant1 (SALK_050520), did not exhibit any visible phenotypes. atavt3c (SALK_072474), in which T-DNA was inserted in the 5 0 flanking region of AtAVT3C, was not a null mutant. We also found that atavt3a atavt3b ant1 triple mutants were normal in appearance under normal or nitrogendeficient conditions, possibly because AtAvt3C is responsible for the residual export activity. Similarly, the avt3Δavt4Δ yeast cells did not exhibit any visible phenotypes [9] . However, further deletion of AVT7, which has been recently illustrated to be involved in the export of several neutral amino acids from the vacuoles, significantly reduced sporulation efficiency in the avt3Δavt4Δ yeast cells [11] . Therefore, it is possible that Avt7-related amino acid exporters and/or other unidentified transporters in Arabidopsis share substrates with the AtAvt3 proteins and compensate for the defects of vacuolar amino acid export in atavt3a atavt3b ant1 triple mutants.
Despite their potential roles in amino acid transport in plants, expression of AtAVT3 genes did not respond to changes in nitrogen availability. In yeast, expression of AVT4 was induced under nitrogen starvation (T. Sekito, M. Ishimoto, Y. Sato, S. Kodama, M. Hyodo, M. Kawano-Kawada unpublished results). In Arabidopsis, expression of other AtAVT genes, such as AtAVT1A, AtAVT6C, and AtAVT6D, seemed to be induced by dark-induced senescence [32] . These and/or other AtAVT isoforms might play major roles in vacuolar amino acid transport under nitrogen starvation.
In nitrogen-starved yeast cells, amino acids resulting from autophagic protein degradation in the vacuoles are required for de novo protein synthesis [33] . Yang et al. [31] proposed that Avt3, Avt4, and another vacuolar integral membrane protein, Atg22, export amino acids such as Leu, Ile, and Tyr from the vacuoles to the cytosol, where the released amino acids may be used for protein synthesis under nitrogen starvation. This proposal was based on findings that both the avt3Δavt4Δ and avt3Δavt4Δatg22Δ yeast cells exhibited defects in protein synthesis and loss of viability under nitrogen starvation. However, decreased viability was likely to depend on the Leu auxotrophy of their parental strain SEY6210 because their reduced viability was simply rescued by supplement of Leu in the culture medium [31] . We found that the viability of the avt3Δavt4Δavt7Δ yeast cells generated in the prototrophic strain X2180-1B was similar to that of the wild-type yeast cells under starvation (data not shown). Other AVT genes are currently being disrupted in the avt3Δavt4Δavt7Δ background to prepare multiple gene knockouts. Further observations for avtassociated phenotypes using our prototrophic yeast strains will provide new clues about the physiological functions of Avt-related proteins in plants as well as yeasts.
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